type I transmembrane glycoprotein, which contains an N-terminal extracellular IgV-like region, a transmembrane region, and a cytoplasmic region. PD-1 expression is very low in resting cells, but after cell activation, PD-1 is widely expressed on T lymphocytes, B lymphocytes, NK cells, NK/T cells, and macrophages. PD-1 is an inhibitory molecule of the B7 family and PD-1 overexpression can cause inactivation of T cells via phosphatase SHP1 and SHP2 recruitment, which then inhibits the zeta chain accessory protein kinase (ZAP70)/nuclear factor of activated T (NFAT) pathway [3] . PD-1 also directly inhibits phos- 
Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common form of non-Hodgkin's lymphoma, accounting for 36.2% of all cases in China [1] . Currently, the most widely used therapy is R-CHOP (rituximab + cyclophosphamide + doxorubicin + vindesine + prednisone) and although 50-60% of DLBCL patients achieve complete remission, 30-40% of patients still relapse (~10% of patients with refractory) [2] . Exploration of DLBCL pathogenesis and discovery of appropriate drug targets could improve response rates and the survival time of patients with DLBCL. PD-1 (CD279) is an immunoglobulin superfamily proliferation [4] . Previous studies have found that PD-1 expression is significantly increased in peripheral blood CD3 + T lymphocytes of patients with Hodgkin's lymphoma, chronic lymphocytic leukemia, and multiple myeloma. Immunomodulatory therapies, such as lenalidomide or panobinostat, significantly reduced PD-1 surface expression on T lymphocytes of patients [5] [6] [7] . Armand P discovered that PD-1 inhibitor administration was linked to a total remission rate of 51% in 35 DLBCL patients with residual lesions after autologous hematopoietic stem cell transplantation [8] . These findings suggest that DLBCL patients may also have abnormal expression of PD-1 on peripheral blood T lymphocytes. Although PD-1 was expressed on the surfaces of both CD4 + and CD8 + T cells, higher levels of PD-1 expression on the surface of CD4 + T cells have been noted [9] , which is consistent with CD4 + T cells having an important role in immune function. In this study, we explored the relationship between PD-1 expression on peripheral blood CD4 + T cells and the prognosis of DLBCL patients.
MaterialsandMethods Patients
From July 2014 to June 2015, the pathologies of 60 untreated DLBCL patients were confirmed by pathologist of Peking Union Medical College Hospital (PUMCH) and were excluded based on chronic hepatitis B, cytomegalovirus (CMV), and Epstein-Barr virus (EBV) infection. Thirty-nine healthy control subjects were randomly selected from medical examination center of PUMCH. All participants signed informed consent forms. Peripheral blood samples were collected from patients and healthy controls. The pathological specimens of patients include lymph nodes or also extranodal sites were fixed in formalin and embedded in paraffin. The study was approved by the Ethics Committee of PUMCH.
Flowcytometry
About 1 × 10 6 peripheral blood mononuclear cells were collected and incubated with staining antibodies for 25 min, washed twice in 2 mL PBS cells (300 g, 5 min), and finally fixed with a 1% formalin. CD3 (Clone SP34-2; PerCP), CD4 (Clone SK3; PE-CyTM7), and CD279 (PD-1) (Clone MIH4; PE) cells were purchased from BD Biosciences. Samples were run in BD FACS Canto II and the data were analyzed using the FACS Diva software for PD-1 expression on CD4 + T cells (percentage and mean fluorescence intensity [MFI] ). Lymphocytes were first gated out through the forward and side scatter and then CD3 + CD4 + T lymphocytes were gated out for PD-1 expression analysis. The threshold of PD-1 percentage and MFI in analyzing the relationship between PD-1 expression and prognosis was based on the ROC curve, in which a highly specific cutpoint in the ROC curve was used as the threshold.
Real-timePCRassay
Total RNAs were extracted from mononuclear cells and were reverse transcribed into cDNAs. Primers were synthesized by the Shanghai Sangon Company. The nucleotide sequences of the primers were as follows: ZAP70 primers (forward primer: 5′-CGAGCGTGTATGAGAGCCC, reverse primer: 5′-ATGAGGAGGTTATCGCGCTTC); PI3K primers (forward primer: 5′-CCACGACCATCATCAGGTGAA, reverse primer: 5′-CCTCACGGAGGCATTCTAAAGT); NFAT primers (forward primer: 5′-CACCGCATCACA GGGAAGAC, reverse primer: 5′-GCACAGTCAATGACG GCTC); GAPDH primer (forward primer: 5′-GGAGCG AGATCCCTCCAAAAT, reverse primer: 5′-GGCTGTTG TCATACTTCTCATGG). Quantitative RT-PCR was performed using the SYBR Green PCR Master Mix on Roche lightcycler 480. The reaction conditions for real-time PCR were as follows: 95°C for 5 min, one cycle; 95°C for 10 s, 60°C for 15 s, 72°C for 15 s, 45 cycles; 95°C for 5 s, 65°C for 1 min, and the fluorescence signal was collected at 97°C; 40°C for 10 s. Samples were measured independently and the individual values were averaged. Data analysis was based on the 2 − ΔΔ Ct method.
Immunohistochemistry
Paraffin sections of 31 patients were ~5 μm thick. PD-1 immunohistochemical staining (NAT, 1:50; Abcam, Cambridge, MA) was completed using an automatic immunohistochemistry stainer (Ventana, Tucson, AZ) with highpressure antigen retrieval method. All stained sections were independently scored by the two pathologists who were not given patient clinical or prognostic information. For each sample, five representative optical fields (highest PD-1 staining) were selected for analysis. PD-1 was located on the cell membrane and the result was calculated according to the percentage of PD-1-positive cells (negative: PD-1-positive cells <1%, 0 points; weak positive: 1% <PD-1-positive cells <25%, 1 point; positive: 26% <PD-1-positive cells <49%, 2 points; strongly positive: PD-1 positive cells >50%, three points) and PD-1 staining intensity (uncolored, 0 points; light colored, 1 point; medium colored, 2 points; strongly colored, 3 points). The H score was calculated as PD-1 staining intensity × percentage of positive cells and all patients were divided into categories as negative (H score: 0), weakly positive (H score: 1-4), or strongly positive (H score: ≥5), similar to methods previously reported [10] .
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Follow-up
Follow-up methods included both telephone-based followups and hematology clinic follow-ups. All patients were monitored until September 20, 2015, with 3-14 months of follow-up time and a median follow-up time of 7.5 months. Event-free survival (EFS) refers to the time from disease diagnosis to the occurrence of any events, including death, disease progression, and the occurrence of fatal side effects. Overall survival (OS) is the time from diagnosis to all-cause death.
Statisticalmethods SPSS 16.0 software (Chicago, USA) and Graphpad Prism 5 (San Diego, USA) were used for statistical analysis. Qualitative data were presented as numbers and percentages. Measured data were presented as median (interquartile range), and analyzed by the nonparametric Mann-Whitney U test. Survival curves were plotted using the Kaplan-Meier method. P values <0.05 were considered to be statistically significant, and P values ≥0.05 were considered not significant (NS).
Results

Clinicaldata
Sixty cases of newly diagnosed DLBCL patients were within a median age of 60 years (24-81 years) at a male: female ratio of 9:11. According to the international prognostic index (IPI) score, 26.67% of patients were at low risk (IPI ≤ 1), while medium and high-risk patients accounted for 73.33% of all cases. Based on the subtype of lymphoma, 46.67% of patients were GCB type, 41.67% were ABC type, and 11.67% were not categorized of all cases (Table 1) . Thirtynine cases of healthy controls were within a median age of 40 years (12-61 years) at a male: female ratio of 6:7.
PD-1expressionlevelsonthesurfaceof peripheralbloodCD4 + Tlymphocytesof DLBCLpatients
MFI of PD-1 on the surface of CD4 + T cells of DLBCL patients was 541.5 (range: 348.25-758.75), significantly higher than 250 (range: 211-326) in the healthy controls (P < 0.001; Fig. 1) .
MFI of PD-1 on the surface of CD4 + T cells in lowrisk and medium/high-risk DLBCL patients were 425 (range: 254-579.25) and 570 (range 365.5-796.75), respectively, significantly higher than 250 (range: 211-326) in healthy controls (P = 0.003 and P < 0.001, respectively). Similarly, MFI of PD-1 on the surface of CD4 + T cells in ABC-and GCB-type DLBCL patients were 473 (range: 333.5-635) and 468.5 (range: 341.25-732.75), respectively, which was also significantly higher than the healthy controls (P < 0.001 and P < 0.001, respectively). Interestingly, there were significant differences in MFI of PD-1 expression between the low-risk and medium/ high-risk DLBCL patients (P = 0.029). However, the differences were not statistically significant in PD-1 expression between the ABC-and GCB-type DLBCL patients (Figs. 2 and 3) .
ZAP70,PI3K,andNFATmRNAexpression levelsinperipheralbloodmononuclearcells fromDLBCLpatients
The ZAP70, PI3K, and NFAT mRNA expression levels in peripheral blood mononuclear cells from the DLBCL patients (45 cases) were 0.47, 0.47, and 0.62 times, respectively, of the expression in the healthy controls (11 cases; P < 0.05) (Fig. 4) . In the low-risk DLBCL patients (15 cases), the ZAP70, PI3K, and NFAT mRNA expression levels were 0.64, 0.63, and 0.76 times, respectively, of the healthy controls (P < 0.05, P < 0.05, and P = 0.118, respectively). Additionally, the ZAP70, PI3K, and NFAT mRNA expression levels in the medium/high-risk DLBCL patients (30 cases) were 0.397, 0.41, and 0.56 times, respectively, of the healthy controls (P < 0.05). In comparing the patients, there was a significant reduction in ZAP70, PI3K, and NFAT expression in the medium/high-risk patients compared to the low-risk patients (P < 0.05; Fig. 5 ). In the ABC-type DLBCL patients (19 cases), the ZAP70, PI3K, and NFAT mRNA expression levels were 0.43, 0.48, and 0.57 times, respectively, of the amount in the control group (P < 0.05), while the expression levels in the GCBtype patients (21 cases) were 0.49, 0.46, and 0.65 times, respectively, of the control group (P < 0.05). There was no significant difference between the two subtypes in the mRNA expression levels (P = NS).
ComparisonofPD-1expressionbetweenCD4 + Tlymphocytesandtumormicroenvironment biopsiesfromindividualpatients
Eleven patients with the PD-1 expression in tumor microenvironment were negative, whereas the median percentage of PD-1 expression on the surface of peripheral blood CD4 + T cells was 13.5% (range: 3.9-34.55%) and the median MFI was 640 (range: 182-1377). Fourteen patients with the PD-1 expression were weakly positive in tumor microenvironment, meanwhile the median percentage and MFI of PD-1 on CD4 + T cells were 17.28% (range: 3.25-46.45%) and 398.5 (range: 244-1590). Six patients were strongly positive, and the median percentage and MFI of PD-1 on CD4 + T cells were 9% (range: 3.7-50%) and 560 (range: 348-1580). Therefore, PD-1 expression on the surface of peripheral blood CD4 + T cells is not consistent with the expression observed from tumor microenvironments in individual patients. In tumor microenvironments, PD-1 expression was not only restricted to CD4 + T cells but was also observed from a variety of other immune cells, including macrophages, natural killer (NK) cells, and CD8 + T cells.
PD-1expressiononthesurfaceofCD4 + T lymphocytesandtheprognosisofDLBCL patients
DLBCL patients with the percentage of PD-1-positive CD4 + T cells ≥30.25% (n = 10) demonstrated significantly lower EFS and OS than patients with PD-1 + CD4 + T cells <30.25% (n = 50; P < 0.05) (Fig. 6) . The MFI of PD-1 on CD4 + T cells then were analyzed for correlation with prognosis, and patients with PD-1 MFI ≥977 (n = 9) had significantly lower EFS and OS than patients with PD-1MFI <977, although this difference was not statistically significant (P = NS).
PD-1expressionwithinthetumor microenvironmentandtheprognosisof DLBCLpatients
Based on PD-1 staining in the tumor microenvironments, the patients were divided into positive and negative groups. The EFS and OS were significantly lower in PD-1-positive patients in comparison with the negative group, but the difference was not statistically significant (P = 0.49, and P = 0.46, respectively). 
Discussion
PD-1/PD-L1 signaling pathway blocks T lymphocytes activation and plays an important role in tumor immune evasion [11] . Recent studies have indicated that anti-PD-1 antibody therapy were effective for patients with refractory and relapsed Hodgkin's lymphoma, advanced multiple myeloma, and melanoma [12] [13] [14] . Previous studies focusing on the PD ligand-1 (PD-L1) in DLBCL patients have revealed that DLBCL patients showed significantly higher plasma-soluble PD-L1 than in healthy volunteers [15, 16] . Kiyasu J found that the expression of PD-L1 + in malignant cells within the tumor area in DLBCL patients had inferior overall survival compared with PD-L1 − DLBCL [17] . However, PD-1 expression in DLBCL patients and its association with the prognosis are still unclear. This study measured the PD-1 expression on the surface of peripheral blood CD4 + T cells from DLBCL patients and found that DLBCL patients had significantly higher PD-1 MFI than the normal controls. In addition, compared to low-risk DLBCL patients, medium/high-risk DLBCL patients showed significantly higher MFI of PD-1 on the surface of CD4 + T cells. Ramsay et al. [6] have found that, in CLL patients, expression of PD-1 (% and MFI) on the surface of CD3 + T cell increased significantly, and lenalidomide inhibited PD-L1/PD-1-mediated T-cell dysfunction in vivo, reversing T-cell inactivation, and thus enhancing immune function in patients. This suggests that PD-1 high expression on CD4 + T cells in DLBCL patients may undermine T-cell function, thereby leading to poor prognoses.
To further confirm whether T-cell function in patients was affected, mRNA expression levels of ZAP70, PI3K, and NFAT were measured from peripheral blood mononuclear cells. This study showed that, in comparison with the control group, DLBCL patients had lower mRNA expression of ZAP70, PI3K, and NFAT, while DLBCL medium/high-risk group demonstrated a stronger reduction in expression than the DLBCL low-risk patients. Xia Y also suggested that PD-1 might suppress the expression of ZAP70, PI3K, and NFAT, which subsequently reduces T-cell function [18] , which is consistent with the results from this work.
MacFarlane et al. observed that patients with renal cell carcinoma had significantly increased PD-1 expression in peripheral blood mononuclear cell subsets and that expression levels in effector T cells correlated with the disease stage. This suggests that PD-1 expression of peripheral blood mononuclear cells can be used as a biomarker for disease severity and prognosis [19] . Based on this rationale, DLBCL patients with PD-1 expression on the surface of CD4 + T cells over 30.25% and over 977 MFI were found to have reduced EFS and OS. Meanwhile, the observed increase in PD-1 percentage on CD4 + T cells surface was linked to poor prognoses.
The correlation between PD-1 expression on CD4 + T cells of DLBCL patients and PD-1 expression in tumor microenvironment is unclear. PD-1 expression levels were measured from patient tumor microenvironment by immunohistochemistry and the results indicated that PD-1 expression on peripheral CD4 + cells does not reflect PD-1 expression on cells in the tumor microenvironment. The interpretation is complicated due to microenvironment which is a complex of different PD-1 + cells that are indistinguishable by normal immunohistochemistry.
The relationship between PD-1 expression in tumor microenvironment and prognosis was further explored and patients with positive PD-1 expression within the tumor microenvironment had a reduced EFS and OS compared to the negative patients, however, the difference was not statistically significant. A previous study has shown that PD-1 expression levels in tumor microenvironment of patients with follicular lymphoma were correlated with patient prognosis [20] [21] [22] , but the finding was still controversial. Interestingly, Carreras found that patients with higher PD-1-positive cells had a higher 5-year overall survival and progression-free survival [20] , while two other studies suggested that PD-1 positivity in T cells of follicular lymphoma was an unfavorable prediction factor for transformation and was associated with poor prognosis [21, 22] . Yang found that low PD-1 expression on the surface of CD4 + or CD8 + T cells within follicular lymphoma was associated with poor prognosis, but high PD-1 expression had no association with prognosis [9] . Muenst et al. [23] demonstrated that, in classical Hodgkin lymphoma patients, PD-1 expression on lymphocyte predominant pathologic tissues was positive, and there was significant difference in prognosis between PD-1-positive cells >23/mm 2 (29 deaths/75 patients) and PD-1-positive cells <23/mm 2 (9 deaths/23 patients) (P = 0.005). In view of above, it is seemed that the relationship between PD-1 expression in tumor environment and prognosis are complex. The underlying reason may be that PD-1 is expressed on different cells (T cells, NK cells, macrophages) in tumor microenvironment, all of these types of immune cells offer different contributions to the anticancer activity. It is valuable for us to explore the relationship between the PD-1 expression on different cells in tumor microenvironment and prognosis in the future study.
In summary, this study indicates that DLBCL patients with high PD-1 expression on CD4 + T cells might damage T-cell function, thereby leading to poor prognosis, while PD-1 expression on peripheral blood CD4 + T cells does not reflect PD-1 expression on cells in the tumor microenvironment. This study was limited by the fact that only mRNA levels of three key elements (ZAP70,
PI3K
, and NFAT) were measured and that protein expression was not included in the study. Moreover, patients were followed up for a short time and the longest followup time was 14 months. Therefore, future studies will extend the follow-up time and use a variety of methods to assess the T-cell function of patients. Meanwhile, We can also further explore the PD-1 expression on specific cell types within the tumor microenvironment, and it is significant to examine the relationship between PD-1 expression on specific cell types and prognosis.
